Introduction
Programmed cell death by apoptosis is a physiological process by which cells are eliminated and their components recycled. It is essential for embryogenesis, organ development, and tissue homeostasis, providing a balance between survival and cellular destruction at the organism level. Deregulation of apoptosis is involved in many diseases, including cancers and autoimmune disorders [1] . Apoptosis is also a critical determinant of response to anticancer treatments and has become the focus of targeted therapies. Our understanding has evolved remarkably since apoptosis was discovered ~50 years ago as "a basic biological phenomenon with wide-ranging implications" [2] . The research focus went from morphological [2] and biochemical studies, centered on the typical internucleosomal DNA fragmentation and the nucleases implicated in its genesis [3] , to the discovery of the caspases [4, 5] , and the importance of mitochondria [6] and Bcl-2 family members [7, 8] . Apoptosis is now well understood genetically, culminating with the Nobel prize of Robert Horvitz 10 years ago [9] . Over the past years, the scientific interest in nuclear apoptosis has faded in spite of the fact that we still do not understand clearly how cells degrade their nucleus and chromatin. Such interest remains justified by the fact that lack of orderly and complete degradation of nuclear proteins and nucleic acids is potentially a cause for autoimmune disorders.
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γ-H2AX, we showed its involvement as the earliest epigenetic modification during apoptosis [13] . Then, in 2009, careful examination of single cells by confocal immunofluorescence microscopy revealed a previously unnoticed staining pattern for γ-H2AX during apoptosis induced by TRAIL (Fig. 1) [14, 15] . TRAIL (TNF-related apoptosis-inducing ligand) is an exquisitely well-characterized pro-apoptotic agonist that activates death receptors at the cell membrane, leading to caspase-8 activation and mitochondrial apoptosome formation with downstream activation of initiator caspase-9 and effector caspase-3 [16] [17] [18] ( Fig. 2c) . The γ-H2AX staining produced by TRAIL could be divided in three successive patterns: first a ring staining, which is best detected in early apoptotic cells without massive alteration of nuclear size (see Figs. 2, 3) , then a pan-staining of the nucleus, which retains its overall morphology and size, and finally a pan-staining that persists within apoptotic bodies (Fig. 1b) [14, 15] . The ring constitutes an epigenetic landmark of early apoptosis and differs from the focal patterns of DNA damage foci produced by DNA damaging agents (Fig. 1a, right panel) . It is worth noting that γ-H2AX forms at all phases of the Fig. 1 Characterization of the apoptotic ring. a The γ-H2AX apoptotic ring versus the γ-H2AX DDR foci. Representative 3D images of a TRAILtreated and an irradiated human colon carcinoma HCT116 cell. γ-H2AX is labeled in green; nuclei were stained with propidium iodide (red). b 3D single-cell analyses showing typical γ-H2AX apoptotic patterns. γ-H2AX is labeled in green; nuclei were stained with propidium iodide (red). c Proteins in the apoptotic ring. 3D picture of a TRAILtreated HCT116 cell (0.1 μg/ mL, 1 h). γ-H2AX is labeled in green; nuclear envelope was stained with lamin B1 (orange). P-S1981-ATM, P-T68-Chk2, P-T2609-DNA-PK, P-S14-H2B, and P-T5/7-HSP90α have been identified in the apoptotic ring. Confocal images were sequentially acquired with Zeiss AIM software on a Zeiss LSM 510 NLO confocal system (Carl Zeiss, Thornwood, NY, USA). Three-dimensional (3D) pictures were realized with the Bitplane (Zurich, Switzerland) Imaris software v.6.0 cell cycle, although with some preference for S-phase cells [15] .
Although total H2AX is diffuse in the nucleus due to the apparently random incorporation of H2AX in nucleosomes, γ-H2AX is initially limited to the outer portion of the nucleus, thereby forming the annular staining ("the ring") in confocal immunofluorescence microscopy [14, 15] . The ring is located inside the nuclear envelope (Fig. 1c) and its peripheral distribution coincides with the peripheral heterochromatic nuclear region [15] . Importantly, the apoptotic γ-H2AX ring colocalizes with broken DNA ends labeled by TUNeL, indicating that it is initiated by the early wave of DNA breaks at the nuclear periphery [19] (Fig. 2a, b) .
In addition to γ-H2AX, the ring contains phosphorylated histone H2B on serine 14 [14] , activated/phosphorylated DNA damaging responsive proteins (Chk2, ATM, DNA-PK) [14, 15] , and the heat shock protein HSP90α [19] . H2AX is primarily phosphorylated by DNA-PK, while Chk2 is phosphorylated by both ATM and DNA-PK [15, 20, 21] . Cross-talks between ATM and DNA-PK are likely, as the phosphorylation of DNA-PK on T2609 is partially dependent on ATM and the phosphorylation of ATM on S1981 and HSP90α on T5/7 is under the control of DNA-PK [15, 19] . DNA-PK is a client of HSP90α and HSP90α required for full DNA-PK activation, γ-H2AX formation, DNA fragmentation, and apoptotic body formation [19] . It is likely that a large number of macromolecules remain to be identified in the apoptotic ring.
Ubiquity of the apoptotic ring
we initially described and focused on the apoptotic ring generated by TRAIL because TRAIL initiates apoptosis starting with the well-defined plasma membrane death receptors DR4 and DR5, thereby avoiding the complexity of DNA damaging agents, which by themselves directly activate γ-H2AX [10] (see below and Fig. 4b) .
However, the apoptotic ring is not limited to extrinsic apoptotic pathways, such as TRAIL or Fas ligand (FasL or CD95L) [15] , which belong to the tumor necrosis factor (TNF) family and play critical roles in the regulation of the immune system. The apoptotic ring is also induced by anticancer agents including the broad spectrum kinase inhibitor and ubiquitous apoptosis inducer staurosporine [22, 23] , as well as classical chemotherapeutic DNA damaging agents and takes place in the cells that undergo apoptotic γ-H2AX conversion. In the merged images, nuclei are outlined with dashed lines to indicate the cells that do not stain for γ-H2AX and caspase-3 [10, 15, 19, 24] (Fig. 3 ). In the case of DNA damaging agents, the γ-H2AX response consists of two consecutive waves: the γ-H2AX damage foci and the γ-H2AX ring. For instance, within the first hours following 15-gray irradiation, a unique population of cells with DDR foci is present, whereas at later times (up to several days), cells harboring the apoptotic staining are mostly detected (Figs. 3b, 4b ). High doses DNA damaging agents can simultaneously produce the two populations of cells: one harboring foci and the other apoptotic staining (Fig. 3c, d ).
The apoptotic ring has been observed in all the cancer cells lines so far examined (HCT116 colon carcinoma cells, HeLa cervix carcinoma cells, Jurkat T cell leukemia cells, M059 J glioblastoma cells, HL60 promyelocytic leukemia cells, and MDA-MB-231 breast cancer cells), as well as in primary cells (prostate epithelial cells, lymphocytes, monocytes). Therefore, the apoptotic ring is an ubiquitous process.
Caspase-mediated inactivation of DNA repair proteins in the apoptotic ring
Immediately following DNA double-strand breaks, γ-H2AX initiates a fundamental epigenetic response, γ-H2AX is labeled in red and P-S14-H2B in green; nuclei are stained in blue with DAPI. The percentage of cells with sub-G1 DNA is indicated at right serving as a molecular platform for the docking of protein complexes to chromatin and the amplification of the DDR and DNA repair [10] . Direct binding of MDC1 (mediator of DNA damage checkpoint protein 1) to γ-H2AX via its BRCT (breast cancer C-terminal) domain [25] is essential for DDR because it leads to the subsequent recruitment and activation of DDR complexes including 53BP1 that promotes DNA repair and regulates cell cycle checkpoints [26, 27] . But, 53BP1, which is a landmark of γ-H2AX in DDR foci, is not present in the apoptotic ring [15, 24] , indicating that the DDR proteins act differently during apoptosis and DNA damage/repair. The fact that DDR proteins are not fully recruited following an apoptotic signal such as TRAIL or TNF suggested the inactivation of DNA repair at the chromatin break sites during apoptosis [15, 24] .
An important clue for the apoptotic γ-H2AX response is that it does not include MDC1, which normally binds to γ-H2AX and amplifies the DDR [25] [26] [27] , because MDC1 is cleaved by activated caspase-3 (Fig. 4a) [24] . MDC1 cleavage by caspase-3, at the early phase of apoptosis, separates the MDC1 FHA (fork-head-associated) domain from its BRCT domains and therefore abrogates the interactions between the different DDR factors, consequently aborting DDR activation and DNA repair [28] (Fig. 4a) . On the other hand, integrity of MDC1 is critical for DNA repair and DDR, as γ-H2AX binds the BRCT domain [25] and ATM the FHA domain [29, 30] of MDC1. Caspase-mediated inactivation of MDC1 is consistent with the inactivation DDR and repair proteins by caspases during apoptosis, a molecular event which was initially discovered for poly(ADPribose) polymerase 1 (PARP1) [31] and later extended to other DNA repair enzymes including DNA-PK [32] .
In short, the apoptotic ring is an epigenetic mark of apoptotic DNA breaks (see Fig. 2a ), initiating the recruitment of γ-H2AX, P-Chk2, P-ATM, and P-DNA-PK. Yet DNA repair is curtailed because of caspase-mediated cleavage and inactivation of key DDR mediators (such as MDC1; see Fig. 4a ) and effectors (such as PARP1). Along the same lines, caspase-3 also inactivates DNA replication by cleaving Cdc6 [33] . Fig. 4 The two γ-H2AX phases in DDR-induced apoptosis. a Illustration of MDC1 interactions during DDR and apoptosis. b γ-H2AX response with high doses of DNA damage. DNA double-strand breaks induced the rapid and reversible formation of γ-H2AX DDR foci (left). Then, cells initiate apoptosis, and form apoptotic rings (right). Global measurement of γ-H2AX results in two waves of γ-H2AX. It is therefore important to consider time and morphology to score γ-H2AX signal in cells treated with DNA damaging agents. c Apoptotic ring induced by non-damaging apoptosis-inducing agents such as TRAIL and TNF. In addition to the morphological differences between the apoptotic and DDR γ-H2AX signals, the DDR foci contain MDC1 and 53BP1 but not phosphorylated histone H2B on Ser14, whereas the apoptotic γ-H2AX signal contains pS14-H2B but neither MDC1 nor 53BP1
Differentiating the apoptotic ring from other γ-H2AX pan-staining patterns
The apoptotic γ-H2AX ring evolves into nuclear pan-staining before nuclei undergo pyknosis (irreversible condensation and shrinkage) and ultimately form apoptotic bodies as the cells fragment into small corpses giving a sub-G1 flow cytometry signal (see Fig. 1b ) [34] . Yet, diffuse apoptotic γ-H2AX pan-staining must be differentiated from other sources of γ-H2AX pan-staining, which are listed in Table 1 and discussed below.
Ultraviolet-C (UvC) light can induce γ-H2AX panstaining independently of apoptosis and DSB [35, 36] . Cleaver and colleagues reported that, in replicating cells, Uv irradiation induces three γ-H2AX responses: a minority of foci colocalizing with 53BP1 that represent DSB at replication sites, a majority of foci that do not colocalize with 53BP1 foci, and a pan-staining without foci, which appears to depend on nucleotide excision repair (NeR) [35, 36] . This Uv-induced pan-staining is ATM-and JNK-dependent, does not include 53BP1 and phosphorylated NBS1 at S343 [35, 36] , and appears to be related to S phase progression [36] . Contrary to the apoptosis-induced γ-H2AX pan-staining [15] , Uv-induced γ-H2AX pan-staining is not abrogated by caspase inhibition [36] . One possibility is that Uv-induced pan-staining occurs as a response to JNKmediated phosphorylation of H2AX, which then stimulates caspase-activated DNase (CAD)-mediated nucleosomal DNA fragmentation [37] , in which case, Uv-induced pannuclear γ-H2AX staining may represent a pre-apoptotic process, initiated before CAD-mediated nucleosomal DNA fragmentation. Moreover, after Uv irradiation, Karreman et al. [38] described new RNA-containing nuclear structures in the γ-H2AX pan-staining cells. These nuclear structures sometimes connect with the nucleolus, suggesting a possible nucleolar origin and some similarities with the nuclear stress bodies that contain RNA and RNA-splicing factors [39] . Pan-nuclear γ-H2AX may correspond to genome-wide chromatin modifications with conformational changes that increase the accessibility of DNA to transcription and repair, and possibly to the CAD endonuclease and additional H2AX kinases. Yet, during apoptosis induced by TRAIL or by high doses of DNA damaging agents, our data indicate that the phosphorylation of histone H2AX is due to DNA-PK without involvement of JNK.
γ-H2AX pan-staining has also been reported in association with replicative stress and cell cycle checkpoint abrogation [40, 41] (Table 1 ). The exact mechanism by which this response is elicited remains to be elucidated both in term of the kinase(s) responsible (ATR?) and the functional relevance at the chromatin level. During checkpoint abrogation in gemcitabine-treated cells, γ-H2AX pan-staining occurs but does not appear due to stalled DNA replication [42] . After Cdc25A or cyclin e overexpression, a significant fraction of cells also present γ-H2AX pan-staining in association with altered replicons and compromised edU incorporation, suggesting replicative arrest [41] . In the absence of significant DNA breaks, γ-H2AX pan-staining induced by replicative responses might be related to the induction of γ-H2AX pan-staining in response to hypotonic shock, which acutely and reversibly alters chromatin structure [43] . Yet alterations of chromatin structure by DNA intercalating agents such as chloroquine, which activate ATM, do not elicit γ-H2AX pan-staining response [44] .
γ-H2AX pan-staining is equally present during premature chromosome condensation (PCC), and it precedes the caspase activation and the induction of apoptosis [45] ( Table 1) . However, lasonolide A, a potent and reversible inducer of PCC [46] , does not induce γ-H2AX and decreases the γ-H2AX staining induced by TRAIL (our unpublished data).
Recently, clustered DNA damage resulting from heavy ion irradiation (such as proton therapy) has been reported to induce γ-H2AX pan-nuclear staining mediated by ATM and DNA-PK [47] (Table 1 ). This nuclear-wide H2AX phosphorylation is not related to apoptosis and results from direct focal nuclear damage, as it does not occur after cytoplasmic irradiation. It does not affect cells adjacent to the irradiated ones [47] , and therefore cannot be attributed to a bystander effect, which moreover tends to induce γ-H2AX foci [48] . It is not excluded that this pan-nuclear response to focal heavy ion radiation could be initiated by the diffusion of small DNA fragments generated at the irradiation site. In which case, this γ-H2AX pan-staining might share the same mechanism as the γ-H2AX pan-staining induced by the cellular introduction of short DNA oligonucleotides, which are referred to as "Dbait" [49] (Table 1) , and formulated in nanoparticles as anticancer agents [50] . Similarly, DNA virus infections have been shown to induce γ-H2AX pan-staining [51, 52] (Table 1) . Further studies are warranted to determine whether activation of the innate Table 1 Nuclear γ-H2AX pan-staining Not including very high levels of genomic DNA double-strand breaks that produce confluent γ-H2AX DDR foci Type References
Apoptotic ring and bodies [14, 15, 19, 24] Uv-induced pan-staining [35, 36] Replicative stress; checkpoint abrogation [40, 41] Hypotonic treatment [43] Premature chromosome condensation [45] Heavy ion irradiation [47] Small DNA fragments (Dbaits) [49] viral infections [51, 52] immune response could elicit the γ-H2AX pan-staining response [53] .
Importance of complete nuclear apoptosis
The physiologic importance of complete nuclear apoptosis should not be overlooked because this process might be critical to avoid the persistence and release of toxic and potentially immunogenic cellular components, including nucleic acids and nuclear proteins from apoptotic cells and tissues. This concept has been put forward to explain autoimmune responses and potentially auto-immune diseases resulting from antiviral immune responses that become erroneously directed toward nuclear auto-antigens [54] . For instance, a working hypothesis for lupus nephritis is that genetic variants allow the persistence of nuclear particles corresponding to incomplete nuclear apoptosis and which persist in the extracellular space or inside lysosomes, mimicking viral particles [54] . The DNA could then activate viral nucleic acid recognition receptors in antigen-presenting cells, acting as auto-adjuvants to promote autoimmune responses to nuclear antigens. Such nuclear autoantigen are indeed common in autoimmune diseases. Among the first to be discovered was Scl-70, which is directed against topoisomerase I (Top1) in scleroderma patients [55] . The generation of Top1 antibodies might be related to the formation of a large number of Top1 cleavage complexes, which are covalent Top1-DNA complexes that form during apoptosis and contribute to the initial stages of global nuclear disorganization [56] [57] [58] . Such complexes, if not degraded, could serve as potent immunogens. The protein chaperone HSP90α, which is present in the ring, can be viewed as a facilitator of apoptosis by enabling robust activation of DNA-PK and allowing the completion of the apoptotic program leading to DNA fragmentation and formation of apoptotic bodies [19] .
γ-H2AX as clinical biomarker
Because γ-H2AX is among the most sensitive and selective biomarkers of DNA damage [10] , it is widely used in cell biology to monitor DNA damage by western blotting, fluorescence-activated cell sorting (FACS), and immunofluorescence microscopy [10, 59] . It should be pointed out, however, that western blotting cannot differentiate γ-H2AX elicited by DDR from apoptotic γ-H2AX, whereas FACS and immunofluorescence microscopy do. By FACS, the γ-H2AX-positive apoptotic bodies come in the sub-G1 fraction [34] , and by immunofluorescence microscopy, the apoptotic nuclei show the ring and pan-staining patterns described above (see Figs. 1, 2, 3, 4) [15, 19, 24] .
γ-H2AX is also used in clinical practice [10, [59] [60] [61] [62] . Assays have been developed to detect γ-H2AX in tumor biopsies, circulating tumor cells (CTC), and hair follicles (in this case as surrogate marker) [60] [61] [62] for patients in clinical trials with Top1 inhibitors and PARP inhibitors [63] . The concept is to identify as early as possible and with a minimal number of patients the drugs that are active in order to select only the active compounds for development, thereby eliminating the inactive drugs and trimming the drug developmental process [64, 65] . This approach also allows the identification of early responders and lends itself to the investigation of the molecular and actionable determinants that underlie individual patient responses to the drug.
As illustrated in Fig. 4b , sample timing and morphological single cell analyses are critical to optimize the assays, and clarify whether DNA damage and/or apoptosis is being measured by γ-H2AX. Coupling γ-H2AX with additional biomarkers could sharpen the differences. Colocalization of γ-H2AX with histone H2B phosphorylation on serine 14 [15] (Fig. 3c, d ), phosphorylated Hsp90α [19] , and MDC1 (or 53-BP1) [24] could be potentially useful to differentiate DDR γ-H2AX foci from apoptotic γ-H2AX (see Fig. 4b,  c) . Ultimately, putting together several apoptotic biomarkers could lead to an "epigenetic apoptotic code". Further studies are warranted to determine whether apoptotic γ-H2AX could be a useful biomarker for TRAIL-based therapies, in which case, animal models should be tested to determine whether and when the apoptotic γ-H2AX cells should be optimally detected. The apoptotic "ring pattern" with dual reactivity to γ-H2AX and P-H2B should provide new tools for basic cellular biology research, and also to score apoptosis versus DNA damage response in clinical samples to monitor the efficacy of anticancer regimens.
Perspectives
Apoptosis is usually associated with the activation of one or several nucleases that degrade nuclear DNA first into large and subsequently into nucleosomal fragments [66] [67] [68] . The initiation of the γ-H2AX signal at the nuclear periphery suggests that the nucleases responsible for the generation of the ring first act at the periphery of the nucleus; possibly where they are activated or transported from the cytosol. Therefore, the apoptotic γ-H2AX ring might revive general interest in the field of nuclear apoptosis and apoptotic nucleases. It will also be important to determine whether the nuclear genome could be initially damaged by reactive oxygen species. The fact that the protein chaperone HSP90α is present in the ring [19] suggests that some of other clients beside DNA-PK [69] (http://www.picard.ch/ downloads/Hsp90facts.pdf) are also in the ring, which might give clues for novel regulators and effectors of nuclear apoptosis.
